ABSTRACT. To examine substrate specificity and susceptibility to lead, erythrocyte 5'-nucleotidase was measured in dogs, cats, cattle and humans, and its relationship to the reticulocyte count in these species was determined. The reticulocyte count in dogs was similar to that in humans, but the count in cats was higher than that in humans. Reticulocytes were not observed in cattle. The activities of canine erythrocyte 5'-nucleotidase measured using cytidine and uridine 5'-monophosphates, which are preferentially catalyzed by one of the human pyrimidine 5'-nucleotidase isozymes (P5N-I), were similar to those of the human enzyme. The canine enzyme preferentially catalyzed thymidine 3'-monophosphate, which is catalyzed only by human P5N-II, more strongly than the human enzyme. This suggests that canine erythrocytes have two isozymes similar to human P5N-I and P5N-II, and a higher P5N-II-like activity than human erythrocytes. Feline erythrocytes had the highest level of P5N-I-like activity among the species examined, and the bovine enzymic activities including those of P5N-I and II were the lowest among these species. According to these observations, the reticulocyte count was approximately proportional to the P5N-I-like activity in these species. Therefore, the P5N-I-like activity may be involved in the morphological maturation of mammalian erythrocytes. The canine and feline erythrocytes had markedly high activity and preferentially catalyzed purine 5'-monophosphate suggesting the presence of a purine-specific 5'-nucleotidase as in human erythrocytes. In addition, the canine and feline P5N-I-like activity showed less susceptibility to lead than the human P5N-I. This may be a reason why there are few case reports of lead-induced anemia in dogs and cats.
The morphologic and physiologic properties of reticulocytes in peripheral blood vary among domestic animal species [12] . Relatively immature aggregate-type reticulocytes are released from canine bone marrow. Reticulocytes are not usually released from feline bone marrow until they mature to punctate-type reticulocytes, and are generally absent from the peripheral blood of healthy adult cattle. If erythrocyte 5'-nucleotidase plays an important role in the removal of reticulum in reticulocytes, the difference of reticulocyte count in mammals may be involved in the activity and/or substrate specificity of erythrocyte 5'-nucleotidase.
5'-Nucleotidases (5'-ribonucleotide phosphohydrolases, EC 3.1.3.5) are widely distributed in nature and many reports have appeared on these enzymes from vertebrate tissues and microorganisms. Erythrocyte 5'-nucleotidase was first described in 1974 by Valentine et al. [17] as a cytosolic enzyme in human erythrocytes. Unlike nucleotidases from other sources, the human erythrocyte 5'-nucleotidase is limited to pyrimidine substrates and is inactive on purine substrates [13, 17] , and was thus called pyrimidine 5'-nucleotidase. The pyrimidine 5'-nucleotidase in human erythrocytes includes two subclasses, P5N-I and P5N-II, which possess different substrate specificities, optimum pH, and thermostabilities [1, 9] . A deficiency of P5N-I results in nonspherocytic hemolytic anemia in humans, which is characterized by marked basophilic stippling in Wright-stained blood films and an accumulation of pyrimidine nucleotides [19] . Acquired low activity of pyrimidine 5'-nucleotidase has been found in lead poisoning in humans [14, 15, 18] . Furthermore, a third erythrocyte 5'-nucleotidase, a purine 5'-nucleotidase, is also present in human erythrocytes, and it preferentially hydrolyses purine 5'-ribonucleotides and their deoxy-counterparts [3] .
Human erythrocyte 5'-nucleotidase mediates the hydrolysis of monophosphate ester linkages with the fifth carbon of ribose or deoxyribose in various 5'(3')-nucleotides, producing inorganic phosphate (Pi) and the corresponding nucleosides. The substrates of the enzyme may be derived from degradation of reticulocyte RNA in ribosomes during the maturation of erythrocytes [17] . Therefore, erythrocyte 5'-nucleotidase may aid in the removal of useless ribosomal RNA and contribute to the morphologic maturation of erythrocytes. In domestic animals, 5'-nucleotidase catalyzing pyrimidine substrates, such as cytidine 5'-monophosphate (5'-CMP), are present in erythrocytes [5, 6] . However, subclasses, substrate specificity and susceptibility to lead have yet to be examined for erythrocyte 5'-nucleotidase in domestic animals.
The purpose of the present study was to examine substrate specificity and susceptibility to lead in erythrocyte 5'-nucleotidase in dogs, cats, cattle and humans, and to deter-mine its relationship to the reticulocyte count in these species.
MATERIALS AND METHODS
Reagents: 5'-CMP, cytidine 3'-monophosphate (3'-CMP), uridine 5'-monophosphate (5'-UMP), uridine 3'-monophosphate (3'-UMP), thymidine 5'-monophosphate (5'-TMP) and thymidine 3'-monophosphate (3'-TMP) were used as pyrimidine substrates, and adenine 5'-monophosphate (5'-AMP), inosine 5'-monophosphate (5'-IMP) and guanine 5'-monophosphate (5'-GMP) were used as purine substrates. All the substrates were obtained from Sigma Chemical (St. Louis, MO, U.S.A.). Cellulose microcrystalline was obtained from Merck (Darmstadt, Germany). Cellulose ester dialysis membrane (Molecular weight cut-off 500) was obtained from Spectra/Por (Houston, TX, U.S.A.). All other chemicals used in the present study were purchased from Wako Pure Chemical Industries (Osaka, Japan).
Blood sampling and hematological variables: Blood samples were collected from clinically normal dogs (n=10), cats (n=7) and cattle (n=11). Human blood was provided by healthy volunteers (n=10) with their consent. Ethylenediamine tetraacetic acid (EDTA) was used as an anticoagulant. Erythrocyte count was measured using an autocell counter (Celltac α, Nihon Kohden, Tokyo, Japan). Reticulocytes were detected by microscopic examination of a blood smear stained with new methylene blue staining solution [11] . The staining solution contained 0.5% new methylene blue, 0.85% sodium chloride and 1% formalin. The reticulocytes were classified into an aggregate-type containing strings and clumps of bluish reticulum, and a punctatetype containing 4 or more separated dots of bluish material.
Measurement of erythrocyte 5'-nucleotidase activity: The activity of erythrocyte 5'-nucleotidase was measured according to the method reported by Paglia et al. [13, 16] and Valentine et al. [17] with slight modification. Leukocytes and platelets were removed from whole blood by filtration through a column of a 1:1 mixture of α-cellulose and cellulose microcrystalline [2] . The erythrocytes were washed three times with ice-cold physiological saline, resuspended in physiological saline and adjusted to an erythrocyte count of approximately 3 × 10 6 /µl. Hemolysate was prepared by sonication and freezing of the erythrocyte suspension, and dialyzed overnight using cellulose ester membrane against at least 200 volumes of isotonic solution buffered to pH 8.0 with 10 mM tris-HCl containing 10 mM magnesium chloride, 0.02 mM EDTA and 1 mM 2-mercaptoethanol. The hemolysate was redialyzed against fresh buffer for 2 hr prior to assay. An aliquot of the dialyzed hemolysate was incubated at 37°C for 2 hr in 25 mM trisHCl buffer containing 8.5 mM magnesium chloride, 0.5 mM 2-mercaptoethanol and 2.3 mM pyrimidine or purine substrate at a final pH of 7.4. Reactions were terminated by deproteinization with 7% trichloroacetic acid, and liberated Pi was assayed by the method of Fiske and SubbaRow [4] using a spectrophotometer (Novaspec II, Amersham Pharmacia Biotech, Cambridge, UK). The enzyme units were expressed as micromoles of Pi released per hour per gram of hemoglobin. The hemoglobin concentration of hemolysate was measured by the cyanmethemoglobin method using a commercial kit (Hemoglobin Test Wako, Wako Pure Chemical Industries).
Lead toxicity studies: The in vitro effect of lead on erythrocyte 5'-nucleotidase activity was studied using the dialyzed hemolysates described above. Lead exposure was carried out by addition of lead acetate to an aliquot of dialyzed hemolysate resulting in a final lead concentration of 100 µM. After 20 min at 37°C, erythrocyte 5'-nucleotidase activity was measured as described above using 5'-CMP, 3'-TMP and 5'-IMP as artificial substrates. The effect of lead was expressed as the percentage of the activity of erythrocyte 5'-nucleotidase in the presence of lead, compared with that of the initial enzymic activity.
Statistical analysis: Statistical analysis was performed using Student's t-test. Values of P<0.05 were considered significant. These analyses were carried out on a computer using a statistical software package, Fastat 2.0 (SYSTAT Inc., Evanston, IL, U.S.A.).
RESULTS
Reticulocyte count: Reticulocyte counts in dogs, cats, cattle and humans are shown in Table 1 . The counts of punctate-type and total reticulocytes in cats were significantly higher than those in dogs. The count of punctate-type reticulocytes in cats was significantly higher than that in humans. The counts of both types of reticulocytes in dogs were lower than those in humans, although not significantly. In cattle, reticulocytes were not observed in peripheral blood.
Erythrocyte 5'-nucleotidase activity: Erythrocyte 5'-nucleotidase activity measured using pyrimidine substrates is shown in Fig. 1 . The substrate specificity of the canine enzyme was similar to that of the human enzyme. However, the canine enzymic activity was significantly higher, when measured using substrates other than 5'-CMP and 5'-UMP. The substrate specificity of the feline enzyme was considerably different from that of the canine and human enzymes. In cats, the activity measured using 5'-CMP was the highest of all the species examined, while the activities measured using substrates other than 5'-CMP and 3'-CMP were significantly lower than those of the human enzyme. In addition, bovine enzyme showed extremely weak activity with all pyrimidine substrates. The activities of the canine and feline enzymes, measured using purine substrates, were significantly higher than those of the human enzyme (Fig. 2) . The purine-specific enzymic activity in cats was the highest of all the species examined. Bovine enzyme showed weak activity like human enzyme when measured using purine substrates.
Susceptability to lead: The activity of human erythrocyte 5'-nucleotidase measured using 5'-CMP decreased mark-edly on exposure to lead. In contrast, approximately half of the activity remained after exposure to lead in dogs and cats. Although human and canine enzymic activities measured using 3'-TMP did not change in the presence of lead, the feline enzymic activity was depressed by lead to approximately 70% of the initial level. Furthermore, purine-specific enzymic activity in cats was increased by lead, while that in dogs and humans did not change in the presence of lead.
DISCUSSION
In human erythrocytes, the isoform of pyrimidine 5'-nucleotidase P5N-I is mainly involved in the degradation of pyrimidine 5'-monophosphate, whereas P5N-II preferentially catalyzes the breakdown of 3'-monophosphate [1, 9] . 5'-CMP and 5'-UMP are the most effective and specific substrates of P5N-I. P5N-II is characterized by its high Michaelis constant and maximum velocity of 3'-TMP. Two isozymes are also present in rat erythrocytes, which in substrate preference and catalytic properties are similar to the human enzymes [10] . According to the reports noted above, the activities measured using 5'-CMP and 5'-UMP are caused by P5N-I-like isozyme, and the activity measured using 3'-TMP is caused by a P5N-II-like isozyme in mammalian erythrocytes.
In the present study, the activities of canine erythrocyte 5'-nucleotidase measured using 5'-CMP and 5'-UMP were found to be similar to those of the human enzymes (Fig. 1) . The activities measured using 3'-TMP and other pyrimidine 3'-monophosphates in canine erythrocytes were higher than those in human erythrocytes. These results suggest that canine erythrocytes have a P5N-I-like activity homologous to human P5N-I, and higher P5N-II-like activity than human erythrocytes. In cats, the activity measured using 5'-CMP was the highest of all the mammalian erythrocytes examined in the present study, but the activity measured using 3'-TMP was lower than in dogs and humans. Therefore, feline erythrocytes may have strong P5N-I-like activity and relatively weak P5N-II-like activity, compared with canine and human enzymes. However, the putative P5N-I isozyme in cats seems to differ from human P5N-I because less activity was measured using 5'-UMP. In cattle, the activities of erythrocyte 5'-nucleotidase including P5N-I and II were the lowest of all the species examined in the present study. Canine and feline erythrocytes had much activities in preferentially catalyzing purine 5'-monophosphate than human erythrocytes, while the activity in bovine erythrocytes was negligible (Fig. 2) . This suggests that purine-specific 5'-nucleotidase is present in canine and feline erythrocytes like purine 5'-nucleotidase in human erythrocytes [3] . However, the reason for the markedly high level of activity of purine-specific 5'-nucleotidase in canine and feline erythrocytes remains to be elucidated.
The reticulocyte count in dogs was similar to that in humans, while the count in cats was higher than that in humans (Table 1) . Reticulocytes were not observed in peripheral blood of cattle. In terms of the frequency of reticulocytes, the species ranked in the order: cats > humans = dogs >> cattle. The reticulocyte count was approximately proportional to the P5N-I-like activity but not to the P5N-IIlike and purine-specific 5'-nucleotidase activities. Therefore, the P5N-I-like activity may be involved in the removal of reticulum in reticulocytes and morphological maturation of mammalian erythrocytes.
Previously, George et al. measured the activity of erythrocyte 5'-nucleotidase in various animals using a radiomet- [6] . In the report by George et al., it has been shown that the erythrocyte 5'-nucleotidase activity was approximately proportional to the reticulocyte percentage, and inversely proportional of the mean erythrocyte life span which had been reported elsewhere. In the present study, the relation between the reticulocyte count and erythrocyte 5'-nucleotidase activity was examined using various pyrimidine and purine substrates including 5'-CMP, and it was shown that the reticulocyte count was associated only with the P5N-I-like activity measured using 5'-CMP. Consequently the data of the present study agree with those in the report by George et al. [6] .
Canine and feline P5N-I-like activities were less susceptible to lead than human P5N-I activity (Fig. 3) . In humans, a lead-induced deficiency of P5N-I results in the induction of basophilic stippling and premature erythrocyte hemolysis analogous to that encountered in genetically induced enzyme-deficiency syndrome [14, 15, 18] . In contrast, acute lead poisoning in domestic animals is characterized by basophilic stippling of erythrocytes and an increase in circulating nucleated erythrocytes, but anemia is uncommon [7, 8] . The low susceptibility to lead of canine and feline P5N-I-like activity may be a reason for the few case reports of lead-induced anemia in dogs and cats. In addition, the feline P5N-II-like activity was more susceptible to lead than its canine and human counterparts. The purine-specific 5'-nucleotidase activity in feline erythrocytes was enhanced by lead while the activity of canine and human enzymes was not affected by lead. However, the physiologic and pathologic significance of these observations is not known.
The results in the present study suggest that canine and feline erythrocytes have isozymes differing in substrate specificity and susceptibility to lead like human erythrocyte 5'-nucleotidases, i.e., P5N-I, P5N-II and purine 5'-nucleotidase. However, further investigation will be needed to elucidate the characteristics of erythrocyte 5'-nucleotidase in domestic animals and clarify its relationship to physiologic and pathologic properties in each animal.
